Cytotoxicity assays
The in vitro cytotoxicity assay was evaluated as previously described ( 24 ) . Briefl y, HEK cells were plated at 1 × 10 4 cells/well in 96-well plates and cultured overnight. After this step, the cell medium was replaced with fresh medium containing 0.5 U/ml bSMase. The release of lactate dehydrogenase (LDH) into the medium was quantifi ed by using a Cytotoxicity Detection Kit PLUS (LDH) according to the manufacturer's instructions (Roche). LDH release (percent cytotoxicity) was quantifi ed by using the following equation: [Absorption at 492 nm (Abs 492 ) for experimental release Ϫ Abs 492 for spontaneous release]/(Abs 492 for maximum release Ϫ Abs 492 for spontaneous release) × 100. The spontaneous release was the amount of LDH released from the cytoplasm of untreated cells, whereas the maximum amount of releasable LDH enzyme activity was determined by lysing the cells with Triton X-100.
Electrospray ionization-tandem mass spectrometry
HEK 293 cells were transfected with human CerS2 or human CerS5, and after 36 h were harvested by trypsinization, collected by centrifugation, washed twice with ice-cold PBS, and lyophilized. SL analyses by electrospray ionization-tandem mass spectrometry (MS/MS) were conducted using a PE-Sciex API 3000 triple quadrupole mass spectrometer and an ABI 4000 quadrupole-linear ion trap mass spectrometer ( 25 ) . SL levels were normalized to pmol/mg of dry weight and data were plotted as a molar fraction of total SLs ( 26 ) .
Fluorescence anisotropy and lifetime measurements
To follow alterations in membrane biophysical properties, fl uorescence anisotropy and lifetimes of different probes were measured at different time points in the absence and presence of different concentrations of bSMase. All measurements were performed in 0.5 cm × 0.5 cm quartz cuvettes under magnetic stirring. Steady-state fl uorescence measurements were performed with a FluoroLog spectrofl uorometer from Horiba Jobin Yvon (Kyoto, Japan) using 320/405, 358/430, 465/536, 570/593 nm excitation ( exc )/emission ( em ) wavelengths for t-PnA, TMA-DPH, NBD-DPPE, and Rho-DOPE, respectively. The fi nal probe concentration was 2 M for t-PnA and TMA-DPH, 1.2 M for NBD-DPPE, and 0.8 M for Rho-DOPE in ‫ف‬ 1 × 10 6 cells/ml. Fluorescence lifetime measurements were performed in a FluoroLog spectrofl uorometer from Horiba Jobin Yvon and were obtained by the time-correlated single photon counting technique with fi xed-wavelength "plug and play" interchangeable NanoLED pulsed laser diodes of 295 nm for t-PnA. The experimental decays were analyzed using TRFA software (Scientifi c Software Technologies Center, Minsk, Belarus). For a decay described by a sum of exponentials, where ␣ i is the normalized preexponential and i is the lifetime of the decay component i , the mean fl uorescence lifetime is given by the following ( 27 ):
All data were corrected for background (intrinsic cell fl uorescence) by subtracting a blank (cells without probe) prepared and measured under exactly the same conditions as the samples (cells with probe ).
Statistical analysis
A Student's t -test was used for statistical comparisons among groups and differences were considered statistically signifi cant when P < 0.05 (* P < 0.05; ** P < 0.01; *** P < 0.001). ( 11, 12 ) suggests that different Cer species play distinct roles in cell physiology ( 10, 11 ) . Thus, understanding how membrane biophysical properties are affected upon generation of Cer with specifi c acyl chains is crucial for understanding the correlation between the cellular roles of Cer and its biophysical properties.
To date, several biophysical studies [e.g., (13) (14) (15) (16) (17) (18) (19) ] have focused on the effect of Cer on the properties of model membranes and have demonstrated that Cer increases the global order of the membrane and promotes lateral phase separation in a manner dependent on its acyl chain structure (19) (20) (21) . However, no information is currently available on the effect of altering the Cer acyl chain length on the properties of cell membranes. In this study, we investigate the effect of generating Cer in human embryonic kidney (HEK) cells overexpressing different CerSs, i.e., having distinct SL acyl chain compositions. Using a combination of fl uorescent probes that display different phase-related properties ( 22 ) , we show that the biophysical properties of the plasma and intracellular membranes change with the SL acyl chain composition of the cells. Moreover, Cer formation promotes extensive membrane remodeling in a manner that correlates with the acyl chain composition of the Cer that is generated. These results support the hypothesis that Cer-induced changes on membrane biophysical properties might be responsible for Cer-mediated biological processes.
MATERIALS AND METHODS

Materials
1,2-Dioleoyl-sn -glycero-3-phosphoethanolamine-N -(lissamine rhodamine-B-sulfonyl) (Rho-DOPE) and N -{6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl}sphingosine-1-phosphocholine (C6-NBD-SM) were from Avanti Polar Lipids (Alabaster, AL). 1,2-Dipalmitoyl-sn -glycero-3-phosphoethanolamine-N -(7-nitro-2-1,3-benzoxa-diazol-4-yl) (NBD-DPPE), 1,6-diphenyl-1,3,5-hexatriene (TMA-DPH), and trans-parinaric acid (t-PnA) were from Molecular Probes (Leiden, The Netherlands). SMase isolated from Bacillus cereus was from Sigma (St. Louis, MO). Phosphate-buffered saline (PBS) (pH 7.4) and cell culture reagents were from Invitrogen (Breda, The Netherlands). Silica gel 60 TLC plates were from Merck (Darmstadt, Germany). All organic solvents were UVASOL grade from Merck.
Cell culture and transfection
HEK 293 cells were cultured in DMEM supplemented with 10% FBS, 100 IU/ml penicillin, and 100 g/ml streptomycin in a 5% CO 2 incubator at 37°C. HEK 293 cells were transfected with human CerS genes using the calcium phosphate method (20 g of plasmid per 10 cm culture plate) as described ( 23 ) .
Metabolic assays
To quantify the conversion of SM into Cer, HEK cells were collected ( ‫ف‬ 1 × 10 6 cells/ml) in PBS (with calcium and magnesium), incubated with C6-NBD-SM (2 M) in the presence or absence of bacterial SMase (bSMase ). The reaction was terminated by addition of CHCl 3 /methanol (1:2 v/v) and lipids separated by TLC using CHCl 3 /methanol/9. were expected to distribute among all cellular membranes (t-PnA). This methodology allowed identifi cation of the alterations undergone on the PM and in whole cells. It should be noted that the experimentally determined fl uorescence anisotropy and lifetime are weighted averages of these parameters which refl ect the partitioning of the probes between heterogeneous environments and not the order of a specifi c membrane. Therefore, the experimentally determined values depend on the biophysical properties of the membrane, the fraction of each phase, and the partition coeffi cient of the probe toward that phase.
NBD-DPPE is a saturated phospholipid with a NBD chromophore in the headgroup. The bulky headgroup prevents extensive fl ip-fl op of the probe ( 32 ) , and thus the probe should be localized mainly in the outer leafl et of the PM. In addition, NBD-DPPE has a preference to incorporate into ordered membrane regions ( 30, 33, 34 ) . Therefore, even if only a small fraction of the lipids are organized in ordered phases, the anisotropy of NBD-DPPE will increase. The fl uorescence anisotropy of NBD-DPPE ( Fig. 2A ) was higher in CerS2-transfected cells, showing that altering the SL metabolism toward the formation of VLC-SLs causes an increase in global order of the PM or in the fraction of ordered regions. Because the anisotropy of this PM probe (NBD-DPPE) changes compared with mocktransfected cells, this suggests that the PM lipid composition is probably altered in CerS2-transfected cells. From these results, it can be hypothesized that this likely derives from an enrichment of VLC-SLs at the PM of CerS2-transfected cells. No signifi cant differences were observed in mock-and CerS5-transfected cells, although NBD-DPPE anisotropy was slightly higher in the latter ( Fig. 2A ) .
The bulky headgroup of Rho-DOPE also prevents extensive fl ip-fl op of this probe ( 32 ) , which contributes to a preferential localization of Rho-DOPE in the outer leafl et of the PM. In addition, this probe has the peculiarity of presenting a strong overlap between the excitation and emission spectra, which contributes to a high probability
RESULTS
Characterization of SL species in HEK cells
HEK cells are mainly enriched in long acyl chain (LC)-SLs (C16-C20) ( 11, 28, 29 ) ( Fig. 1 ) . To evaluate the impact of SL acyl chain composition on membrane biophysical properties, HEK cells were transfected with CerS2 in order to increase levels of very long acyl chain (VLC)-SLs (C22-C24) ( Fig. 1 ) or with CerS5 to increase levels of C16-SLs ( 10, 11 ) ( Fig. 1 ). Similar to previous results ( 11 ), transfection of HEK cells with CerS2 resulted in a signifi cant increase in VLC-SLs ( Fig. 1A, B ) and a slight increase in unsaturated SLs ( Fig. 1C ) , which was mainly due to elevation in levels of C24:1-SLs. In contrast, transfection with CerS5 caused an increase in C16-SLs ( Fig. 1A ) , which was accompanied by a slight increase in saturated SLs ( Fig. 1C ) and a reduction in VLC-SLs ( Fig. 1B ) . It should be emphasized that SM is the most abundant SL in cells, constituting ‫ف‬ 70% of total SLs. In addition, even in CerS2-transfected cells, C16-SM is the major SM species, constituting about 65, 60, and 70% of the total SM species in mock-, CerS2-, and CerS5-transfected cells, respectively ( Fig. 1A ) . VLC-SMs comprise 19, 24, and 15% of total SM species in mock-, CerS2-, and CerS5-transfected cells, respectively.
Infl uence of SL acyl chain structure on membrane biophysical properties
The effects of changing the SL acyl chain composition on the biophysical properties of cell membranes were evaluated by fl uorescence spectroscopy using multiple fl uorescent probes. Each of these probes presented different phase-related properties and preferential partition into distinct phases ( 20, 22, 30, 31 ) , allowing the identifi cation and characterization of those phases. In addition, some of the probes were expected to localize predominantly in the outer leafl et of the plasma membrane (PM) (such as, NBD-DPPE, TMA-DPH, and Rho-DOPE), whereas others this probe will be localized not only in the PM but also in intracellular membranes. This probe displays an equal partition between ordered and disordered phases, and a strong partitioning into gel-like phases ( 13 ) . Moreover, its quantum yield is enhanced in the gel phase, so the fl uorescence intensity that arises from the probe located in the gel phase is enhanced. t-PnA fl uorescence anisotropy ( Fig. 2D ) and the long lifetime component of the fl uorescence intensity decay ( Fig. 2E ) were signifi cantly higher in CerS2-transfected cells, suggesting that increasing levels of VLC-SLs leads to an increase in the order of cell membranes compared with cells that are enriched in LC species, i.e., mock-and CerS5-transfected cells. The slightly higher anisotropy and long lifetime component of the fl uorescence intensity decay of t-PnA in CerS5-transfected cells, compared with HEK cells, is also suggestive of an increase in membrane order. The reason for this might be due to the global increase in saturated SLs species in these cells ( Fig. 1C ) . It should be noted that the high anisotropy values and fl uorescence lifetime measured with t-PnA refl ect a higher global order and/or fraction of membrane ordered regions in cellular membranes, and not specifi cally in the PM, as mentioned above. Therefore, these results suggest that altering the SL metabolism toward the formation of VLC-SLs has an impact on the lipid composition and on cellular membrane properties. This is further supported by a progressive increase in the anisotropy of t-PnA and NBD-DPPE as the amount of VLC-SLs increases ( Fig. 2F ).
of energy homotransfer (energy migration) ( 35 ) . The effi ciency of energy transfer will increase as the distance that separates the two chromophores decreases. The extent of energy migration is evaluated from the decrease in the fl uorescence anisotropy of the probe. Figure 2B shows that Rho-DOPE fl uorescence anisotropy was higher in mocktransfected HEK cells and lower in CerS2-transfected HEK cells, showing that the extent of energy migration was higher in CerS2-transfected cells. These results suggest enrichment in ordered membrane regions in CerS2-compared with mock-and CerS5-transfected cells. The reason for this resides in the fact that Rho-DOPE is excluded from ordered membrane regions ( 36 ) . Therefore, an increase in the fraction of these regions will lead to a reduction in the surface area for probe distribution (i.e., of disordered membrane regions), implying concomitant increase in the local probe concentration, and thus a decrease in the distance between Rho molecules.
TMA-DPH is a probe that partitions equally between ordered and disordered phases. Accordingly, signifi cant changes in its anisotropy are only expected if a signifi cant fraction of the lipids are involved in the formation of ordered phases. Figure 2C shows that the anisotropy of TMA-DPH was essentially identical in mock-, CerS2-, and CerS5-transfected HEK cells, suggesting that alterations in the lipid composition of the PM of CerS2-transfected cells cause only a moderate increase in the fraction of ordered membrane regions.
t-PnA has the ability to fl ip-fl op across the membrane and diffuses rapidly between membranes ( 37 ). Accordingly, ( 38 ) . In the present study, we evaluated the kinetics of SM hydrolysis in mock-, CerS2-, and CerS5-transfected cells ( Fig. 4A ) . The results are similar, suggesting that bSMase similarly hydrolyzes the different SM species that are localized in the PM.
The alterations in membrane biophysical properties in response to bSMase-generated Cer were again monitored over time using multiple fl uorescent probes ( Fig. 4B ) . Upon addition of bSMase to the cells, there was an immediate increase in NBD-DPPE ( Fig. 4B, C ) and TMA-DPH ( Fig. 4D ) fl uorescence anisotropy showing that SM hydrolysis promotes a rapid increase in the order of the PM. After 20 min, the fl uorescence anisotropy of the probes reached their maximum values and no further alterations in PM properties were observed. This is further confi rmed by the rapid decrease of Rho-DOPE fl uorescence anisotropy in response to Cer formation ( Fig. 4B, E ) . The timecourse of membrane alterations, as detected by these probes, was similar in all cells. However, signifi cant differences in the global order of the PM upon Cer formation were observed between mock-, CerS2-, and CerS5-transfected cells suggesting that the PM lipid composition of these cells differs, most likely due to the formation of Cers with specifi c acyl chains, which would change the membrane properties to different extents. If this is the case, the results suggest that formation of VLC-Cers (CerS2-transfected cells) have a stronger impact on the order of the PM because greater alterations in the fl uorescence anisotropy of NBD-DPPE and Rho-DOPE are observed.
The time-course of variation of t-PnA fl uorescence anisotropy ( Fig. 4B, F ) , mean fl uorescence lifetime ( Fig. 5A-C ) , and long lifetime component ( Fig. 5D ) in response to SM hydrolysis was distinct from the other probes ( Fig. 4B ) : a smaller increase in t-PnA photophysical parameters was observed up to 15-20 min of hydrolysis, after which an increase in the fl uorescence anisotropy and a sharp increase
Effect of bSMase-generated Cer on membrane biophysical properties
To study the biophysical effect of generating Cer in the PM of cultured cells, bSMase was added to HEK cells and the kinetics of SM hydrolysis examined over time ( Fig. 3A ) . Addition of bSMase to the cells resulted in a time-dependent conversion of NBD-SM until 80-90% of the substrate was hydrolyzed. The rate of SM hydrolysis increased with increasing concentrations of bSMase: for the highest bSMase concentration (0.5 U/ml), 80-90% of SM-to-Cer conversion was attained 5 min after addition of the enzyme, whereas longer times were required for lower bSMase concentrations. To evaluate whether cells were still viable after bSMase treatment, cell cytotoxicity was assayed (inset in Fig. 3A ) . Even for the highest bSMase concentration used, cell cytotoxicity was always below 5%, showing that under the experimental conditions employed in this study, and in the time range of the experiments, no massive cytotoxicity occurred.
The alterations in membrane biophysical properties upon addition of different concentrations of bSMase were monitored over time by t-PnA fl uorescence anisotropy ( Fig.  3B ). In the absence of bSMase, the anisotropy of t-PnA was constant, demonstrating that no signifi cant alterations occurred during the time of the experiment. In the presence of bSMase, an increase in t-PnA anisotropy was observed after a lag period. The lag time increased with decreasing concentrations of the enzyme. These results suggest that the formation of Cer drives an increase in the order of the membrane and that the changes in membrane properties correlate with the amount of Cer that is formed.
Effect of Cer acyl chain structure on membrane biophysical properties
To address the biophysical effect of generating different acyl chain length Cers, bSMase was externally added to mock-, CerS2-, and CerS5-transfected HEK cells. In these studies, we used the highest bSMase concentration in order to minimize the time required to generate Cer. Previous intensity decay of t-PnA, which signifi cantly increases when the gel phase is formed ( 14 ) . This is because the higher lipid packing of the gel phase (higher rigidity) decreases the nonradiative pathway of the probe in the excited state, so a signifi cant increase in the lifetime is observed for this forbidden transition [reviewed in ( 39 ) ]. Therefore, the results suggest that the packing of the Cer-enriched phase in CerS5-transfected cells is higher compared with mock-and CerS2-transfected cells ( Fig.  4F ) . This is likely to be related to the known packing properties of gel domains formed by C16:0-Cer ( 13, 14, 19, 22 ) . in the t-PnA long lifetime component of the fl uorescence intensity decay and mean fl uorescence lifetime were observed. The t-PnA long lifetime component is very long suggesting that gel-like domains are formed ( 13, 14, 22 ) . This probe has a very high partition into gel domains and displays strong alterations in its photophysical parameters, therefore being extremely sensitive to the presence of gel domains. This can be appreciated by the increase in fl uorescence anisotropy ( Fig. 4F ) and mean fl uorescence lifetime ( Fig. 5A-C ) upon SM hydrolysis, but is particularly demonstrated by changes in the long lifetime component ( Fig. 5D ) of the fl uorescence melting temperature SLs. The strong asymmetry of VLCSLs might also affect the packing and the distribution of the bulk lipids in the bilayer by promoting the formation of interdigitated phases ( 19, 20, (40) (41) (42) .
The results obtained in this study further suggest that the fraction of ordered PM regions only increases to a moderate extent in CerS2-transfected cells compared with mock-and CerS5-transfected cells. Based on what is known about the partitioning behavior of the probes used in the present study, it is possible to estimate the fraction of ordered regions formed at the PM. Considering the limiting situation of a model membrane containing only two phases, a gel and a fl uid phase, where the anisotropy values of TMA-DPH in the pure gel and fl uid phases are ‫ف‬ 0.28 and ‫ف‬ 0.205, respectively ( 20 ) , an increase of at least 30% of the gel phase would be required to cause an increase in the anisotropy of ‫ف‬ 0.02. Note that this is an extreme example between a gel and fl uid phase considering only the existence of two phases. Cellular membranes are much more complex and several different types of lipid phases with differences in their packing properties exist. Therefore, changes in the anisotropy of this probe would only be noticeable if the changes in the acyl chains of SL led to an increase of >50% of ordered membrane regions. It is also important to note that even though CerS2-transfected cells have higher proportions of VLC-SLs, LC-SLs nevertheless comprise the major amount of lipids in these cells and, in addition, it is not known if VLC-SLs are mainly localized in the PM or equally distributed in the cellular membranes. In view of that, it would not be expected that such ordered regions occupy an extensive area of the membrane.
Cer-induced membrane remodeling
A role has been proposed for Cer-induced alterations on membrane properties as the mechanism underlying the biological actions of Cer (43) (44) (45) . However, two of the most intriguing questions regarding the mechanism by which ceramide activates cellular processes are: i ) how does Cer change the properties of cell membranes; and ii ) what is the underlying mechanism for the apparent specifi city of Cer acyl chain structure in the regulation of specifi c functions? Linking membrane biophysics to cellular processes, it can be hypothesized that each Cer induces different changes in membrane properties that can be differentially sensed by its targets. Taking this hypothesis as a starting point, we evaluated the effect of increasing the PM levels of Cers in cells transfected with different CerSs, and thus that form Cers with distinct N -acyl chain structures.
Our results suggest a correlation between the level of Cer that is generated upon SM hydrolysis and Cer effects on membrane biophysical properties. To our knowledge, this is the fi rst study showing a correlation between Cer formation in the PM and concomitant membrane biophysical changes in cells. Cleary, the changes observed on membrane properties do not depend exclusively on the formation of Cer, but also on its interplay with other lipids. It is important to stress that the interplay between Cer, SM, and cholesterol is important to the biophysical changes DISCUSSION Infl uence of SL acyl chain structure on biophysical properties of plasma and intracellular membranes
We recently reported the effect of changing the acyl chain structure of SLs on the biophysical properties of microsomal lipid extracts from a WT and a CerS2-null mouse ( 26 ) . In the present study, we have extended this approach to live cells. In order to induce an alteration in the acyl chain structure of the SLs, we transfected HEK cells with two different CerS genes: CerS2 and CerS5. Transfection with CerS2 promoted a signifi cant increase in all VLC-SL species whereas, transfection with CerS5 increased levels of C16-SLs ( 10, 11 ) . Although changes in SL acyl chain structure were not as marked as those observed in lipid extracts from a CerS2-null mouse ( 26 ) , and C16-SLs were still the major components in the cells, signifi cant differences in membrane biophysical properties were detected.
Not surprisingly, the anisotropy of the PM probes in HEK cells displayed intermediate values between disordered and ordered phases ( 14, 31 ) , which refl ects the complexity of lipid organization in membrane environments with distinct packing properties. The experimental anisotropy is the sum of the anisotropies of the probe in each phase weighted by the molar fraction of that phase. Accordingly, in cells, the experimental values correspond to an ensemble average of all anisotropies in the distinct lipid phases.
The distribution of SLs with distinct acyl chains in cellular membranes is currently unresolved. Most of the techniques used to identify and quantify lipid species, such as mass spectrometry, depend on the extraction of the lipids from cells and/or tissues and, thus, information regarding cellular localization is lost. Therefore, in the present study, we were unable to determine the localization of specifi c SLs, and their impact on a specifi c membrane can only be inferred from the variation of the photophysical properties of the probes located in the PM or in all cellular membranes. Our results show that membrane properties of CerS2-transfected cells differ from mock-and CerS5-transfected cells. This suggests an alteration in the lipid composition of these cells, which is possibly a consequence of enrichment in VLC-SLs. Because both the PM probes and t-PnA report alterations on membrane properties, our results further suggest that this change might occur both at the level of the PM and of intracellular membranes, which might be a consequence of alteration of the SL composition in different cellular membranes. Considering this hypothesis, the enrichment in VLC-SLs in CerS2-transfected cells might contribute to the formation of membrane regions enriched in these VLC-lipids that tend to segregate from other lipid components as a consequence of the strong mismatch between their chain structures, and therefore cause an increase in the fraction of ordered membrane regions. In addition, VLC-SLs have higher melting temperatures compared with LC-SLs [e.g., ( 40 ) ], which contributes to a decrease in their miscibility with the other lipid components and consequent formation of more ordered membrane regions enriched in these high differences were observed, which can be explained by the formation of different acyl chain Cers in the PM. Accordingly, these results suggest that alterations in SL metabolism by transfecting cells with different CerSs leads to a change in the lipid composition of the PM, most likely due to the changes introduced in the acyl chain structure of the SL formed.
CONCLUSIONS
The results obtained in this study are the fi rst to show the effect of changing the acyl chain composition of SLs on the biophysical properties of cell membranes in live cells. Moreover, this is also the fi rst study identifying the alterations on membrane biophysical properties upon Cer formation in the PM. Several studies have suggested that in response to stress stimuli, Cer levels would increase in the PM promoting the formation of Cer platforms that are responsible for the activation of cellular processes due to the alterations in the biophysical properties of the membrane. However, no studies have provided information about the biophysical characteristics of Cer platforms. In the present study, we have shown that Cer promotes sequential changes in the properties of the membranes that seem to correlate with the extent of Cer formation in the PM. Furthermore, we have also shown that alteration of SL metabolism by expression of different CerSs drives distinct changes in the biophysical properties of membranes, suggesting a correlation between membrane properties and the acyl chain structure of the Cer that is formed. These observations reinforce the infl uence of membrane biophysical properties on the mechanism by which Cer exerts its biological actions, and particularly how distinct Cers might activate different processes by promoting different alterations in membrane properties.
driven by these lipids. Studies in model membranes demonstrated that Cer-gel domain formation is enhanced by the presence of SM ( 14, 22, 46 ) . In contrast, large amounts of cholesterol are able to increase the solubility of Cer in the liquid-ordered phase ( 31, 47, 48 ) . Accordingly, the effects promoted by Cer on the properties of cell membranes could be even stronger if SM was not hydrolyzed. Nevertheless, signifi cant and immediate alterations on the PM properties (as monitored by all the PM probes used) were observed upon treating the cells with bSMase, suggesting that Cer drives massive changes on PM order. Note that a fast and substantial hydrolysis of SM was observed, which can account for the observed membrane biophysical changes. After 20-30 min of hydrolysis, no further alterations in the ordering state of the PM were detected, suggesting that membrane remodeling reaches equilibrium. This equilibrium state occurred in parallel with a sharp increase in the anisotropy and lifetime of t-PnA. It is noteworthy that the lifetime component now becomes very long and above the typical value obtained in a Cer-enriched highly ordered gel phase in model membranes ( 13, 14, 19 ) , suggesting that this phase is probably being formed in the membrane.
The difference in the time-course of variation of the photophysical parameters of t-PnA and the PM probes suggests that two types of changes occur in the membranes: there is an initial increase in PM-ordered regions, followed by a reorganization of Cer into domains with gel-like properties. Considering that bSMase might act preferentially at the liquid-ordered/liquid-disordered interface ( 47, 49 ) , the initial increase in the order of the PM would be consistent with the formation of Cer in regions enriched in cholesterol. The presence of cholesterol would contribute to an increase in the miscibility of Cer in the membrane ( 31, 48 ) . Cer would then progressively organize into domains with gel-like properties. The packing of these domains is different in mock-, CerS2-, and CerS5-transfected cells, suggesting that their lipid composition is distinct, probably a consequence of the formation of Cers with different acyl chain structures. Interestingly, the gel-like domains formed in CerS5-transfected cells seem to be more tightly packed compared with those formed in mock-and CerS2-transfected cells. This might be due to an enrichment of LC-Cers in CerS5-transfected cells, which have been shown to form more tightly packed gel-domains compared with VLC-Cers ( 19, 20 ) . The strong asymmetry of VLC-Cers promotes the formation of interdigitated gel phases which are typically less packed than a noninterdigitated gel phase ( 19, 20 ) .
The results obtained with the PM probes NBD-DPPE and Rho-DOPE also suggest that different Cers are formed at the PM. As mentioned above, C16-SM is the major SM species, and is therefore likely one of the principal constituents of the PM. If the PM of HEK cells contained only C16-SL, treatment of the cells with bSMase would result in the formation of C16-Cer in all of the cells, independently of the CerS used for transfection. Under these conditions, it would be expected that similar changes in the PM biophysical properties of the CerS-transfected cells treated with bSMase would be observed . However, signifi cant
